Caveolae are cholesterol͞sphingolipid-rich microdomains of the plasma membrane that have been implicated in signal transduction and vesicular trafficking. Caveolins are a family of caveolae-associated integral membrane proteins. Caveolin-1 and -2 show the widest range of expression, whereas caveolin-3 expression is restricted to muscle cell types. It has been previously reported that little or no caveolin mRNA species are detectable in the brain by Northern blot analyses or in neuroblastoma cell lines. However, it remains unknown whether caveolins are expressed within neuronal cells. Here we demonstrate the expression of caveolin-1 and -2 in differentiating PC12 cells and dorsal root ganglion (DRG) neurons by using mono-specific antibody probes. In PC12 cells, caveolin-1 expression is up-regulated on day 4 of nerve growth factor (NGF) treatment, whereas caveolin-2 expression is transiently up-regulated early in the differentiation program and then rapidly down-regulated. Interestingly, caveolin-2 is up-regulated in response to the mechanical injury of differentiated PC12 cells; up-regulation of caveolin-2 under these conditions is strictly dependent on continued treatment with NGF. Robust expression of caveolin-1 and -2 is also observed along the entire cell surface of DRG neurons, including high levels on growth cones. These findings demonstrate that neuronal cells express caveolins.
Caveolae are 50-to 100-nm vesicular organelles that are located at or near the plasma membrane (1) (2) (3) . It has been proposed that caveolae play a pivotal role in a number of essential cellular functions, including signal transduction, lipid metabolism, cellular growth control, and apoptotic cell death. The principal protein components of caveolae are the caveolin family of proteins, termed caveolin-1, -2, and -3 (1, 2). Caveolin-2 shows the same tissue distribution as caveolin-1, colocalizes with caveolin-1, and forms a hetero-oligomeric complex with caveolin-1 in vivo (4) . In contrast, caveolin-3 is a musclespecific caveolin-related protein that is primarily expressed in striated muscle cell types (cardiac and skeletal) (5) (6) (7) .
It has been proposed that caveolin family members function as scaffolding proteins (8) to organize and concentrate specific lipids [cholesterol and glyco-sphingolipids (9-11)] and lipidmodified signaling molecules (9, (12) (13) (14) (15) (16) within caveolae membranes. Caveolins interact directly with a number of caveolaeassociated signaling molecules, such as H-Ras, hetero-trimeric G-proteins, epidermal growth factor receptor, protein kinase C, Src-family tyrosine kinases, and nitric oxide synthase isoforms (12-14, 17, 18) . In many of these cases, it has been documented that caveolin-binding can effectively inhibit the enzymatic activity of these signaling molecules in vitro.
Caveolae organelles and caveolin-1 protein are both downregulated in response to activated oncogenes, such as v-Abl and H-Ras (19, 20) . The potential ''transformation suppressor'' activity of caveolin-1 has recently been evaluated by using an inducible expression system to up-regulate caveolin-1 expression in oncogenically transformed cells. Induction of caveolin-1 expression in v-Abl-and H-Ras (G12V)-transformed NIH 3T3 cells abrogated the anchorageindependent growth of these cells in soft agar and resulted in the de novo formation of caveolae (20) . Thus, down-regulation of caveolin-1 expression and caveolae organelles may be critical to maintaining the transformed phenotype.
Based on these and other observations, we and others have proposed the ''caveolae signaling hypothesis,'' which states that caveolar localization of certain inactive signaling molecules could provide a compartmental basis for their regulated activation and explain cross-talk between different signaling pathways (1, (21) (22) (23) . Thus, we have suggested that caveolin may function as a negative regulator of many different classes of signaling molecules through the recognition of specific caveolin-binding motifs (3, 24) .
Are these findings relevant to neuronally based signal transduction? Caveolin mRNAs and proteins have been shown to be virtually undetectable in brain tissue by Northern and Western blot analyses by several independent investigators (4) (5) (6) (7) (25) (26) (27) (28) , which initially suggested that neurons do not express caveolin proteins. In addition, it has been shown that caveolin-1 is not expressed within neuroblastoma cell lines (29) . However, this could be secondary to their transformed phenotype, as both caveolin-1 and caveolae are downregulated in response to cell transformation (19, 20, 30, 31 ).
Here we demonstrate the expression of caveolin-1 and -2 in differentiating PC12 cells and dorsal root ganglion (DRG) neurons by using mono-specific antibody probes. In support of our current findings, it has been previously shown that caveolae-like domains can be purified from neuronal cell plasma membranes and that they contain receptor tyrosine kinases [including insulin and the neurotrophin receptors, Trk-B and p75 nerve growth factor (NGF) receptors], as well as other signaling molecules, and the scrapie prion protein (32, 33) . However, these investigators were unable to detect the presence of caveolin proteins (32, 33) . Also, it has been shown that the p75 NGF receptor is associated with caveolae membranes when heterologously expressed in NIH 3T3 cells and is observed to coimmunoprecipitate with caveolin-1 (34). NGF-Induced Differentiation of PC12 Cells. PC12 cells were grown in RPMI 1640 medium with 5% fetal bovine serum and 10% horse serum. PC 12 cells were differentiated for 1-4 days by growing cells in low serum medium (RPMI 1640 medium with 1% horse serum) with NGF (100 ng͞ml).
MATERIALS AND METHODS

Materials
Injury of Differentiated PC12 Cells. Neurite regeneration was carried out with NGF-differentiated PC12 cells. After 4 days in differentiation medium, cells were rinsed five times with medium (without NGF), while the cells were still attached to the substrate. Then the cells were dislodged from the dish by trypsinization and trituration through a Pasteur pipette and washed three times with medium (without NGF) by centrifugation at 600 ϫ g for 5 min at room temperature. Cells were then plated at low density (8 ϫ 10 5 cells͞100-mm dish) in either complete medium (without NGF) or in low serum medium with NGF (100 ng͞ml) and cultured for 2 days (37) .
Isolation and Culture of DRG Neurons. DRG neurons were isolated and cultured essentially as described (38) . Briefly, DRGs (sensory neurons) were removed from embryonic day-15 rats under aseptic conditions. Ganglia were dissociated before plating onto a rat tail collagen substrate. Cultures of DRG neurons were fed three times per week with minimal essential medium supplemented with 10% fetal bovine serum, 0.4% glucose, and 50 ng͞ml NGF. During the first 2 weeks of culture, cells were treated with 5-fluoro-deoxyuridine and uridine (at 10 M each) on alternate feedings to eliminate mitotically active nonneuronal cells (38, 39) . For Western blot analysis of caveolin expression, neurites from undissociated ganglia, cycled as above, were isolated after mechanically excising and discarding the neuronal somas.
Preparation of Cell Extracts and Immunoblotting. PC12 cells were extracted for 30-45 min on ice with a buffer containing 20 mM Tris (pH 7.5), 0.15 M NaCl, 1% Triton X-100, and 60 mM octyl-glucoside. After extraction, the remaining insoluble material was removed by centrifugation in the microfuge (14,000 ϫ g). For DRG neurons, extracts were divided into Triton-soluble and Triton-insoluble fractions essentially as we have previously described for Madin-Darby canine kidney cells (40, 41) . Samples were separated by SDS͞PAGE (15% acrylamide) and transferred to nitrocellulose. After transfer, nitrocellulose sheets were stained with Ponceau S to visualize protein bands and subjected to immunoblotting.
Immunostaining of PC12 Cells. PC12 cells were washed three times with PBS and fixed for 30 min at room temperature with 2% paraformaldehyde in PBS. Fixed cells were rinsed with PBS and permeabilized with 0.1% Triton X-100͞0.2% BSA for 10 min. Cells were then treated with 25 mM NH 4 Cl in PBS for 10 min at room temperature to quench free aldehyde groups. The cells were rinsed with PBS and incubated with primary antibodies for 1 h at room temperature: either anti-caveolin-1 IgG (pAb; directed against caveolin-1 residues 2-21), or anti-caveolin-2 IgG (pAb, directed against the extreme C terminus of caveolin-2), and anti-GAP-43 (mAb; clone GAP-7B10; Sigma) diluted into PBS with 0.1% Triton X-100͞0.2% BSA. After three washes with PBS (10 min each), cells were incubated with the secondary antibodies for 1 h at room temperature: lissamine rhodamine B sulfonyl chlorideconjugated goat anti-rabbit antibody (5 g͞ml), and fluorescein isothiocyanate-conjugated goat anti-mouse antibody (5 g͞ml). Cells were washed three times with PBS (10 min for each wash). Slides were mounted with Slow-Fade antifade reagents (Molecular Probes) and examined by confocal microscopy.
Immunostaining of DRG Neurons. For immunofluorescent double-label analysis, DRG neurons were fixed with 4% para-formaldehyde for 15 min and permeabilized with 0.2% Triton X-100 for 20 min at room temperature, rinsed in PBS, and blocked for 1 h in L-15 containing 10% heat-inactivated horse serum. Fixed and permeabilized cells were incubated overnight with an antineurofilament (mAb 3A10) and anticaveolin-1 (pAb N-20) antibodies. After washing three times, coverslips were incubated for 1 h at room temperature with biotinylated anti-rabbit IgG (1:100 dilution; The Jackson Laboratories), followed by strepavidin-fluorescein (1:300 dilution) and Texas red-conjugated anti-mouse (1:100 dilution; The Jackson Laboratories). Finally, cultures were rinsed in PBS and mounted with Citifluor medium (Ted Pella, Redding, CA) containing Hoechst dye. Digital photographs were taken with a charged-couple device (CCD) camera and analyzed with METAMORPH software (Universal Imaging, Media, PA). A similar procedure was performed for double labeling of DRG cultures with a GAP-43 [pAb (35) ] and caveolin-2 (mAb 65) antibodies. In this case, for secondary preabsorbed antibodies we used biotinylated anti-mouse (The Jackson Laboratories) and rhodamine-conjugated anti-rabbit IgG (Chemicon).
Caveolin-2 Antipeptide Antibodies. An antibody directed against a caveolin-2-derived peptide was prepared by using standard methodology, as described (42) . Briefly, the peptide, VGRCFSSVSLQLSQD (the extreme 15 C-terminal residues of human caveolin-2) was coupled to keyhole limpet hemocyanin and injected into rabbits. Pre-immune and immune serum were collected and used to immunoprecipitate caveolin-2 from cellular extracts.
Immunoprecipitation. Immunoprecipitations were carried out by using protein-A Sepharose CL-4B (Pharmacia) as described (40) , with minor modifications. Briefly, mouse muscle tissue was homogenized in a buffer containing 10 mM Tris (pH 8.0), 0.15 M NaCl, 5 mM EDTA, 1% Triton X-100, and 60 mM octyl-glucoside with a Polytron tissue grinder. After clarification by low-speed centrifugation (14,000 ϫ g), the supernatant was subjected to immunoprecipitation with anticaveolin-2 antipeptide antibody directed against the extreme 15 C-terminal residues of human caveolin-2. After extensive washing, samples were separated by SDS͞PAGE (15% acrylamide) and transferred to nitrocellulose. Blots were then probed with IgGs directed against caveolin-2 (mAb 65).
Reverse Transcription-PCR. Total RNA was extracted from one 10-cm dish of cells by using RNeasy Mini Kit (Qiagen, Chatsworth, CA). Next, 1 g of total RNA was used for first-strand cDNA synthesis by using the Advantage RTfor-PCR Kit (Clontech). We used the following two primer pairs for PCR amplification: caveolin-1-F, 5Ј-CTACAAGCC-CAACAACAAGGC-3Ј; caveolin-1-R, 5Ј-AGGAAGCTCT-TGATGCACGGT-3Ј caveolin-2-F, 5Ј-GCTCAACTCTCAT-CTCAAGCT-3Ј; caveolin-2-R, 5Ј-TCTGTCACACTCTTCC-ATATT-3Ј.
The the expected size of the amplification product was 340 bp for caveolin-1 and 260 bp for caveolin-2. The correct DNA sequence was verified by DNA sequencing.
RESULTS AND DISCUSSION
Expression and Localization of Caveolins 1 and 2 in Differentiating PC12 Cells. The PC12 cell line, derived from a rat pheochromocytoma, has become a preferred model to study neuronal development. In high mitogen medium, these cells adopt a round morphology and proliferate. In contrast, in low mitogen medium supplemented with NGF, these cells enter G 0 and extend long neurites and acquire many of the characteristics of sympathetic neurons. Fig. 1A shows that both caveolins 1 and 2 are coexpressed in PC12 cells. However, their patterns of expression during differentiation are dramatically different. Caveolin-1 is expressed well in undifferentiated PC12 cells and is up-regulated by Ϸ2-to 3-fold by day 4 of NGF treatment. In contrast, caveolin-2 is not expressed in undifferentiated PC12 cells, is dramatically up-regulated by day 2 of NGF-induced differentiation, and is again down-regulated by day 4 of differentiation. Immunolocalization of caveolins 1 and 2 is shown in Fig. 1B . In undifferentiated PC12 cells, caveolin-1 immunostaining revealed characteristic punctate labeling seen previously in fibroblasts, such as NIH 3T3 cells (20, 21, 43) . By day 4 of differentiation, caveolin-1 was localized primarily to the soma or cell body, although some staining of projections was observed. At day 2 of differentiation, caveolin-2 also revealed a characteristic punctate pattern, as shown previously in fibroblasts and adipocytes (4, 28) .
Caveolin-2 and GAP-43 Are Both Transiently Up-Regulated During PC12 Cell Differentiation: Effects of Cellular Injury. As caveolin-2 protein expression was transiently up-regulated during NGF-induced differentiation of PC12 cells, we analyzed the time-course of its expression more extensively (Fig. 2 Left) . Caveolin-2 protein expression was abruptly up-regulated on day 2 of differentiation and reached maximal levels on day 3. This pattern of protein expression was strikingly similar to another marker of neuronal differentiation, GAP-43, whose expression is primarily localized to neuronal growth cones.
As GAP-43 is known to be up-regulated in response to neuronal injury, we used PC12 cells as a model system to study whether caveolin-2 behaves in a similar fashion. For this purpose, we used an established protocol developed for differentiated PC12 cells to simulate neuronal injury. Briefly, after 4 days in differentiation medium, PC12 cells were rinsed five times with medium (without NGF), while the cells were still attached to the substrate. Differentiated PC12 cells were then mechanically dislodged from the dish by trituration Lysates were prepared from undifferentiated (day 0) and differentiating (days 1, 2, 3, and 4) PC12 cells and subjected to immunoblot analysis with anti-caveolin-2 (mAb 65) and GAP-43 (mAb; clone GAP-7B10) specific mAb probes. Note that both caveolin-2 and GAP-43 are transiently up-regulated between days 1 and 3 of differentiation and then both are down-regulated on day 4. (Right) After 4 days of differentiation, PC12 cells were trypsinized, subjected to physical injury by repeating pipeting, and replated in the absence (Ϫ) or presence (ϩ) of NGF and allowed to recover for 2 days. Lysates were then prepared and subjected to immunoblot analysis with anticaveolin-2 (mAb 65) and GAP-43 (mAb; clone GAP-7B10). Note that both caveolin-2 and GAP-43 are up-regulated in response to cellular injury and recovery in NGF. Equal amounts of protein were loaded in each lane.
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Proc. Natl. Acad. Sci. USA 95 (1998) 10259 through a Pasteur pipette and washed three times with medium (without NGF). Then the cells were re-plated at low density in either complete medium (without NGF) or low serum medium with NGF (100 ng͞ml) and allowed to recover for 2 days. Fig.  2 Right shows that both caveolin-2 and GAP-43 responded similarly to injury. Caveolin-2 and GAP-43 were most highly expressed in injured differentiated PC12 cells that were allowed to recover in the presence of NGF. Thus, both cell injury and NGF can transiently up-regulate the expression of caveolin-2. As both caveolin-2 and GAP-43 showed similar patterns of induction and response to injury, we next examined whether caveolin-2 and GAP-43 are colocalized at the cellular level. For this purpose, we generated a rabbit antipeptide antibody directed against the extreme C terminus of caveolin-2. Fig. 3A shows the characterization of this antibody probe and that this antibody specifically recognizes caveolin-2. Fig. 3B shows double labeling of PC12 cells with a mouse mAb directed against GAP-43 and a rabbit polyclonal antipeptide antibody generated against the unique C terminus of caveolin-2. Note that caveolin-2 immunostaining appears primarily as punctate areas localized close to the soma or cell body. In contrast, GAP-43 is most highly concentrated in cellular outgrowths that most likely represent growth cones. Thus, despite similar patterns of regulated expression, caveolin-2 and GAP-43 do not share the same subcellular distribution in differentiating PC12 cells.
Expression and Localization of Caveolins 1 and 2 in DRG Neurons. As PC12 cells only represent a model for the differentiation of peripheral neurons, we next examined whether caveolins are indeed expressed within neurons. Primary cultures of DRG neurons were examined by Western blot analysis and immunofluorescence microscopy. Fig. 4A shows that both caveolins 1 and 2 are coexpressed in lysates prepared from neurites isolated from cultures of DRG neurons. Both caveolin-1 and caveolin-2 behaved as Triton-insoluble proteins, as we and others have shown previously in other cell types (21, 40, 44) . Triton-insolubility is a characteristic feature of the caveolin proteins (3). In support of these findings, expression of caveolins 1 and 2 in PC12 cells and DRG neurons was also observed by RT-PCR (Fig. 4B) . The correct DNA sequences were verified by sequencing. To rule out the possibility that caveolin expression reflected contamination by nonneuronal cell types that occasionally persist in primary cultures of DRG neurons, we performed double-labeling experiments with antibodies directed against caveolins 1 and 2 and specific neuronal markers [neurofilament proteins (NF) or GAP-43]. Fig. 5 A and B shows that both caveolins 1 and 2 are expressed specifically within DRG neurons (NF or GAP-43-positive cells). Expression was observed over the entire neuronal cell surface, including substantial levels in the growth cones (Fig. 5C ). Caveolae and caveolae-like structures were also observed by transmission electron microscopy in both PC12 cells and DRG neurons (Fig.  5D ). These results demonstrate that neuronal cells express caveolins and contain caveolae.
In accordance with these findings, Northern blot analysis reveals that caveolins 1 and 2 are coexpressed within the brain (Fig. 6) . mRNA species corresponding to caveolins 1 and 2 showed a similar pattern of expression and were highest in the spinal cord, subthalamic nucleus, and substantia nigra, relative to whole brain. The distribution of ␤-actin mRNA served as a control for equal loading.
As caveolae and caveolins have been implicated in a wide variety of signal transduction processes in nonneuronal cell types, differentiated PC12 cells and primary cultures of DRG neurons will serve as important model systems for establishing the functional significance of caveolins proteins in neuronal signal transduction. The high level of expression in growth cones is of interest in this regard and may suggest a role in neurite outgrowth. Although caveolins 1 and 2 are expressed in differentiated PC12 cells and DRG neurons, these findings do not rule out the existence of neuron-specific caveolins. In this regard, these two model cell systems will be invaluable in the search for other caveolin family members that may be expressed in the nervous system. Caveolin-1 is selectively down-regulated in NIH 3T3 fibroblasts in response to cell transformation by activated onco- genes (19, 20) . This result may explain why we and other groups failed to detect caveolin-1 protein expression in transformed neuroblastoma cell lines, such as the SKN-SH (N-Ras activated) and N2a cell lines (4, 29) . Conversely, caveolins 1 and 2 are dramatically induced Ϸ10-to 20-fold during the process of adipocyte differentiation; similarly, caveolin-3 is absent in precursor myoblasts and abundant in differentiated myotubes (4-7, 27, 28) . Thus, induction of caveolins 1 and 2 during NGF-induced differentiation of PC12 cells is consistent with the idea that caveolins are generally induced during differentiation processes and that caveolin expression is highest in terminally differentiated nondividing cells.
